Abstract | Every individual experiences stressful life events. In some cases acute or chronic stress leads to depression and other psychiatric disorders, but most people are resilient to such effects. Recent research has begun to identify the environmental, genetic, epigenetic and neural mechanisms that underlie resilience, and has shown that resilience is mediated by adaptive changes in several neural circuits involving numerous neurotransmitter and molecular pathways. These changes shape the functioning of the neural circuits that regulate reward, fear, emotion reactivity and social behaviour, which together are thought to mediate successful coping with stress.
Resilience refers to a person's ability to adapt successfully to acute stress, trauma or more chronic forms of adversity. A resilient individual has thus been tested by adversity 1 and continues to demonstrate adaptive psychological and physiological stress responses, or 'psychobiological allostasis' 2, 3 . The study of resilience, or stress-resistance, originated in the 1970s with a group of researchers who directed their attention to the investigation of children capable of progressing through normal development despite exposure to significant adversity 4 . For many years research focused on identifying the psychosocial determinants of stress resistance, such as positive emotions, the capacity for self-regulation, social competence with peers and a close bond with a primary caregiver, among other factors 5, 6 . Later studies turned to understanding the psychosocial determinants of resilience in trauma-exposed adults 7, 8 . It is only in recent years that significant scientific and technological advances have made it possible to begin to understand the underlying biological processes associated with resilient phenotypes 3, 9 . Findings from recent studies suggest that genetic influences on biological responses -such as neural responses to affective stimuli, measured with brain imaging -are larger than genetic influences on complex behavioural responses 10, 11 . Examining stress responses at multiple phenotypic levels, including not only behavioural and psychological measurements, but also measurements of neurochemical, neuroendocrine and neural systems, could thus help to delineate an integrative model of resilience 11 . Animal studies are a key component in the search for biological determinants of resilience, and are beginning to identify neural circuits and molecular pathways that mediate resilient phenotypes 1, 12 . This Review outlines and attempts to integrate recent developments in resilience research from psychosocial, developmental, genetic and neurobiological perspectives.
Psychosocial factors in resilience
Studies have identified a range of psychosocial factors that promote successful adaptation to stress and that might help to prevent the onset of psych iatric disorders such as post-traumatic stress disorder (PTSD), major depressive disorder and others. We are now beginning to identify the neurobiological mechanisms that underlie some of these traits (BOX 1) . The use of active coping strategies such as problem solving and planning has been linked to improved wellbeing and a greater capacity to handle stressful situations in diverse populations, ranging from trauma-exposed to medically ill individuals 13 . Active coping with stress requires an individual to face their fears, and resilient individuals exhibit lower levels of denial, avoidant coping behaviour and behavioural disengagement 8, 14 . Resilient individuals are also characterized by dispositional optimism and high positive emotionality 15, 16 . Positive emotions promote adaptive coping and openness to social support 15 , and are associated with greater flexibility of thinking and exploration, a broadened focus of attention and decreased autonomic activity 17 . Resilience has been linked to being able to perceive stressful events in less threatening ways, promoting adaptive coping strategies 13 ; such cognitive reappraisal allows individuals to re-evaluate or reframe adverse experiences in a more positive light. Social competence and the ability to harness social support have also been linked to better mental well-being and health. Increased social support has buffering effects on mental and physical illness and fosters adaptive coping strategies 13 . other psychosocial characteristics associated with stress resilience include a sense of purpose in life, a moral compass, spirituality and the ability to find meaning in the midst of trauma 8, 13, 18, 19 . Although many of the above psychological characteristics cannot be measured in animals, some behavioural traits associated with resilience have been identified. In numerous animal models (see Supplementary information S1 (box)), rodents display a range of responses to stress: at one extreme are active or 'fight-flight' responses (for example, attempts to escape and aggression), and at the other extreme are passive responses (for example, freezing and submission) 27 . Active-coping animals are often considered to be resilient, based on numerous functional end points, whereas their more passive counterparts are not; however, both types of responses can be seen as adaptive depending on the particular context. The availability of these animal models has made it possible to study the neurobiological and molecular mechanisms that underlie these behavioural traits, as is discussed below.
Resilient responses to stress numerous hormones, neurotransmitters and neuropeptides are involved in the acute psychobiological responses to stress. Differences in the function, balance and interaction of these factors underlie inter-individual variability in stress resilience.
Hypothalamus-pituitary-adrenal (HPA) axis.
Corticotropin-releasing hormone (CRH) is released by the hypothalamus in response to stress, leading to activation of the HPA axis and the release of cortisol. Early life stress has been linked to chronically high levels of CRH in human and animal studies 20 
. Although the short-term actions of cortisol are protective and promote adaptation, sustained exposure to abnormally high levels of cortisol can be harmful, leading to hypertension, immunosuppression, cardiovascular disease and other health problems 21 . In the brain, excessive cortisol is associated with complex structural effects in the hippocampus and amygdala in humans and animals, including atrophic effects in certain types of neurons 22, 23 . Thus, reduced CRH release and adaptive changes in CRH receptor activity might promote resilience.
In several animal models and in some human studies, resilience is associated with rapid activation of the stress response and its efficient termination 24 . Resilience is associated with the capacity to constrain stress-induced increases in CRH and cortisol through an elaborate negative feedback system, involving optimal function and balance of glucocorticoid and mineralocorticoid receptors 3, 24, 25 . Studies suggest that the HPA disturbances that are associated with PTSD are different from those that are associated with major depression 24 . of note, animals that adopt active responses to environmental threat show lower glucocorticoid responses than those that adopt passive responses, although the relationship between coping strategies and HPA axis activity is probably complex (for example, see REF. 26 ). In humans these two personality types have been linked with risk for different sets of
Box 1 | Psychosocial factors and possible neurobiological underpinnings associated with resilience
Facing fears and active coping Facing fears promotes active coping strategies such as planning and problem solving. The ability to face one's fears might be facilitated by stress inoculation (exposure to tolerable levels of stress) during development, and might be linked to the optimal functioning of fear extinction mechanisms. Active, or 'fight-flight', responses in animals have been linked to more transient activation of the hypothalamus-pituitary-adrenal (HPA) axis 27 , although the relationship between HPA axis activity and active or passive coping might not be straightforward, as positive associations have also been found 26 . Physical exercise, which can be viewed as a form of active coping, has positive effects on mood, attenuates stress responses and is thought to promote neurogenesis 13 .
Optimism and positive emotions
Positive emotions might contribute to healthier cognitive responses 17, 128 and decreased autonomic arousal 128 . Mesolimbic dopamine pathways might be more reward responsive and/or stress resistant in individuals who remain optimistic when faced with trauma 3 . Accordingly, resilience in animals has been related to specific molecular adaptations in the mesolimbic dopamine system 41 .
Cognitive reappraisal, positive reframing and acceptance
Cognitive reappraisal involves reinterpreting the meaning of negative stimuli, with a resulting reduction in emotional responses. Resilient individuals might be better at reappraisal or might use reappraisal more frequently. Neurobiological mechanisms that underlie some of these processes include memory suppression, memory consolidation and cognitive control of emotion 106, 107 .
Social competence and social support
Social competence and openness to social support promote resilience in children and adults 5, 13 . Mutual cooperation is associated with activation of brain reward circuits. Oxytocin enhances the reward value of social attachments and reduces fear responses. Future research might identify potential differences in these measures in resilient individuals.
Purpose in life, a moral compass, meaning and spirituality A sense of purpose and an internal framework of beliefs about right and wrong are characteristic of resilient individuals 8, 13 . Religious and spiritual beliefs and practices might also facilitate recovery and finding meaning after trauma 13 . Brain imaging studies are beginning to identify the neural correlates of human morality 129 . f o c u S o n S t R E S S disorders, demonstrating that the relationship between health and the functioning of the stress response system is complex 27 . In addition, dehydroepiandrosterone (DHEA), which is also released in response to stress, has antiglucocorticoid effects in the brain. Higher DHEA sulphate/cortisol ratios in individuals undergoing rigorous military survival training were associated with lower dissociative symptoms and better military performance, possibly indicating higher resilience to stress 28 . In a study of male veterans with PTSD, higher DHEA levels were associated with symptom improvement 29 . DHEA has additional central effects in the brain, notably on the GABA (γ-aminobutyric acid)-ergic system, which could also play a part in resilience 30 .
R E V I E W S
Noradrenergic system. Stress also leads to release of noradrenaline from brainstem nuclei, most importantly the locus coeruleus. The result is increased noradrenergic stimulation of numerous forebrain areas implicated in emotional behaviour, such as the amygdala, the nucleus accumbens, the prefrontal cortex (PFC) and the hippocampus (see below). unchecked, chronic hyper-responsiveness of the locus coeruleus noradrenergic system is associated with anxiety disorders and cardiovascular problems, and blockade of β-adrenergic receptors in the amygdala can oppose the development of aversive memories in animals and humans 31, 32 . This suggests that reduced responsiveness of the locus coeruleus noradrenergic system could promote resilience.
Serotonergic and dopaminergic systems. Serotonin neurons project widely in the brain. Acute stress is associated with increased serotonin turnover in several brain regions, including the amygdala, the nucleus accumbens and the PFC. Serotonin modulates neural responses to stress, with both anxiogenic and anxiolytic effects (depending on the brain region and receptor subtype involved) 3 . Serotonin function is also closely linked to mood regulation. Dopamine neurons are activated in response to reward or the expectation of reward and generally are inhibited by aversive stimuli, as detailed below. Dopamine signalling facilitates fear extinction, but its role in resilience per se is unclear.
Neuropeptide Y (NPY). nPY, a neuropeptide that is widely distributed in the brain, has anxiolytic-like effects in rodents and is thought to enhance cognition under stressful conditions. nPY also counteracts the anxiogenic effects of CRH in the amygdala, the hippocampus, the hypothalamus and the locus coeruleus, and resilience might involve maintaining a balance between nPY and CRH levels during stress 33 . In a study of special forces soldiers, who are considered to be highly stress resilient, higher nPY levels during rigorous military training were associated with better performance 34 . Another study found higher plasma nPY levels in combat-exposed veterans without PTSD than in those with PTSD 35 . These findings in humans are consistent with recent studies in rats: central administration of nPY in rats inhibits the development, and promotes the extinction, of fear conditioning, with nPY antagonists exerting the opposite actions. These effects are mediated at least in part by the amygdala 36 . moreover, intra-amygdala nPY administration promotes resilient responses to stress, in the form of reduced anxiety-like behaviours in response to acute restraint 37 .
Brain-derived neurotrophic factor (BDNF).
BDnF, an important nerve growth factor that is expressed at high levels in the brain, is best known for its role, in rodent models, in promoting the functioning of the adult hippocampus, including the survival of newly born granule cell neurons throughout adult life. In rodents, stress decreases BDnF expression in the hippocampus, an effect that is reversed by chronic antidepressant treatment 38 . Similar findings have been observed in human hippocampus examined post-mortem. However, BDnF exerts very different effects in other brain regions. Chronic stress increases BDnF expression in the rodent nucleus accumbens, and this has been linked to prodepression-like effects in several behavioural assays 39, 40 . Interestingly, this induction of BDnF is causally related to the degree to which rodents are vulnerable versus Box 2 | Development of resilience early life stress and vulnerability Early physical and sexual abuse is associated with long-lasting interrelated hormonal, neurotransmitter and CNS changes 20, 130, 131 that are likely to mediate increased vulnerability to psychiatric disorders into adulthood.
Animal studies have shown that prolonged maternal separation in early life has enduring adverse effects on stress responsivity 20 . resilience to early life stress Studies in children adopted away from institutional orphanages in Romania illustrate the capacity of adaptive systems to resist or recover from marked disturbances when they are healthy and functional 4, 132 . Rodent studies have demonstrated that a positive, or more enriched, environment during development makes animals less vulnerable to drugs of abuse and to stress later in life 133 , and can even reverse some of the behavioural impairments that are induced by early prolonged maternal separation 134 .
resilience factors
During development a range of factors are potentially protective, as identified in studies of children. These include a close relationship with a caring adult, social competence and agreeableness, positive emotionality and the capacity for selfregulation [135] [136] [137] . In particular, studies have shown that proximity to the caregiver is an important modulator of a child's sense of safety when facing trauma, as recognized in the theory of attachment 122, 123 . Rodent studies have shown that high levels of licking, grooming and arched-back nursing produce offspring that are less fearful as adults and that show attenuated hormonal responses to stress 66 . Cross-fostering experiments have demonstrated that these effects are transmitted behaviourally, and recent research has suggested an epigenetic basis for this phenomenon (see main text) 66, 138 . It is also likely that exposure to manageable stressors during development is associated with more adaptive coping with stress during adulthood 139 . In studies of squirrel monkeys and rodents, early exposure to manageable stressors ('stress inoculation') was found to be associated with reduced behavioural and hormonal responses to stress later in life 65, 140 . Adaptive responses seem to be associated with the degree of behavioural control an animal has over stress 141 . Finally, the theory of predictive adaptive responses posits that early life experience can programme a certain set of responses that may be adaptive given a particular early environment, but that may prove maladaptive later on if there is a mismatch between this set of responses and the environment in adulthood 142 . In a recent rodent study, the adult offspring of low-as opposed to high-licking and grooming mothers demonstrated greater experience-dependent structural plasticity and learning under some contexts, but lesser structural and behavioural plasticity in other contexts 143 . resilient to the deleterious effects of stress (for example, passive coping, social avoidance and anhedonia), with resilient individuals showing no increase in BDnF levels 41 . Humans with depression also show increased BDnF levels in the nucleus accumbens 41 , which highlights the very different effects exerted by BDnF in different neural circuits. Indeed, stress also produces distinct effects on BDnF in the amygdala and the PFC, but BDnF in these regions has not yet been studied in resilience models.
Genetic influences on resilience
Complex interactions between an individual's genetic make-up and his or her particular history of exposure to environmental stressors determine the degree of adaptability of neurochemical stress response systems (reviewed above) to new adverse exposures, as well as the function of the neural circuitry involved in stress responses, discussed below.
HPA axis-related genes. Regulation of the HPA axis is affected by genetic factors. A recent study in two independent populations found that polymorphisms and haplo types of the CRH type 1 receptor gene (CRHR1) (for example, a haplotype formed by three single-nucleotide polymorphisms (SnPs) in intron 1) moderate the influence of child abuse on depressive symptoms in adulthood, with certain alleles (rs7209436 and rs242940) and haplotypes exerting a protective effect 42 . Functional variants of the brain mineralocorticoid and glucocorticoid receptor (GR) genes, which are respectively involved in setting the threshold and regulating the termination of the HPA axis response to stress, have also been identified in humans 25 . For example, carriers of the n363S variant of the GR gene were shown to exhibit higher cortisol responses to the Trier Social Stress Test, a stress-inducing public speaking and mental arithmetic task 43 . Interestingly, four SnPs of FKBP5 (rs9296158, rs3800373, rs1360780 and rs9470080), a gene that codes for a 'chaperone' protein that regulates GR sensitivity, were found to interact with the severity of childhood abuse in the prediction of PTSD symptoms in adults 44 . Another study demonstrated an association between genetic variation in FKBP5 and inefficient recovery of HPA axis activity after the Trier Social Stress Test in healthy participants, identifying a potential risk factor for chronically elevated cortisol levels and ultimately stress-related psychopathology 45 .
Serotonin transporter. The best-studied gene-environment interaction involves a naturally occurring variation in the promoter of the human serotonin transporter gene (5-HTTLPR; also known as SLC6A4). The short allele of 5-HTTLPR is associated with decreased serotonin transporter availability and a resulting lower reuptake of serotonin from synaptic clefts. Carriers of the short allele show elevated risk for depression on exposure to stressful life events, including childhood maltreatment, compared with long-allele homozygotes in some but not all studies [46] [47] [48] . A recent meta-analysis has called into question whether this reported gene-environment interaction truly modifies risk for major depression given the limited sample sizes used in the studies 49 . Functional brain imaging studies have demonstrated increased amygdala reactivity to environmental threat 50 and decreased coupling between the amygdala and the regulatory perigenual cingulate region 51 in short-allele carriers, representing likely biological markers of increased susceptibility to stress in these individuals. These findings were confirmed in another recent meta-analysis, with this polymorphism accounting for up to 10% of phenotypic variance 52 . A recent study found an association between the long allele of 5-HTTLPR and emotional resilience in college students 53 .
Catechol-O-methyltransferase (COMT).
Another polymorphism that is relevant to resilience (Val158met) is found in the gene that codes for ComT, an enzyme that degrades dopamine and noradrenaline. Individuals with the low-functioning met158 allele have higher circulating levels of these neurotransmitters. Possibly as a result, they tend to exhibit higher anxiety levels, increased plasma adrenaline levels in response to stress, lower resilience to negative mood states, and increased limbic reactivity to unpleasant stimuli 54 . Recent functional mRI (fmRI) studies have extended the link between the COMT met158 allele and increased limbic reactivity to other emotion-processing and reward tasks, and have shown differential cortico-limbic connectivity in met158 allele carriers, which is further discussed below , 55 .
NPY.
A recent study showed greater amygdala reactivity to threat-related facial expressions in individuals with a low-expression diplotype of the gene that encodes nPY than in individuals with other diplotypes 11 . The level of NPY mRnA expression showed an inverse correlation with trait anxiety, as well as a direct correlation with levels of stress-induced endogenous opioid release, which is implicated in the suppression of pain and stress responses 11 .
BDNF. An SnP (G196A, Val66met) in the gene that encodes BDnF in humans significantly impairs BDnF's intracellular trafficking and activity-dependent release 56 . It is also associated with reduced hippocampal volume 57 . mice that express the met66 BDNF allele, which is associated with reduced BDnF function, show greater anxietylike behaviour and impaired hippocampus-dependent learning, but are more resilient to chronic stress 41, 56 . These data underscore the complex effects of BDnF on the brain, which are highly region specific.
Gene-gene and gene-environment interactions. Recent studies have begun to yield evidence of gene-gene and gene-environment interactions underlying interindividual variability in stress responses. Findings include a monoamine oxidase A (MAOA)-COMT interaction that affects endocrine responses to a psychological challenge task 58 , a 5-HTTLPR-COMT-stressful life events interaction that affects the risk for depression 59 , and a COMT-5-HTTLPR interaction that affects limbic reactivity to unpleasant stimuli in healthy subjects 60 . 62, 63 .
Epigenetic mechanisms of resilience. Epigenetics refers to stable changes in chromatin structure that underlie long-lasting alterations in gene expression and that are not associated with changes in DnA sequence 64 . Epigenetic mechanisms involve altered acetylation or methylation of histones, or methylation of DnA itself, among many other modifications. When these changes occur in germ cells they can be heritable.
Direct evidence for epigenetic changes that occur during brain development and underlie sensitivity to stress comes from work by meaney and colleagues 65 . Some rat mothers naturally display high levels of nurturing behaviours, such as licking, grooming and archedback nursing, whereas others display low levels of such behaviours. offspring of high-nurturing mothers are less anxious and display more nurturing maternal behaviour towards their own pups. They also have attenuated corticosterone responses to stress and express higher levels of GR in the hippocampus. This enhanced GR expression is mediated in part by the transcription factor nerve growth factor-inducible protein A (nGFI-A; also known as EGR1) (FIG. 1) . Interestingly, pups that received little nurturing show increased methylation of the GR gene promoter at the nGFI-A binding site in the hippocampus, an epigenetic change that is associated with reduced GR expression 66 . This difference in methylation emerges in the first week of life and persists into adulthood. As a result, adult offspring of low-nurturing mothers have reduced hippocampal GR expression, which contributes to the behavioural deficits that these animals exhibit and pass on to their offspring. The finding that there are epigenetic changes that underlie life-long differences in behaviour suggests that drugs that influence DnA methylation and related epigenetic mechanisms might promote resilience in humans.
The demonstration that resilient and vulnerable responses to stress are dramatically distinct in populations of genetically identical mice with highly controlled environmental histories 41 (see Supplementary information S1 (box)) raises the possibility that a third type of mechanism -epigenetics -could be involved. The hypothesis is that stochastic, epigenetic changes that occur during brain development are an additional means by which behavioural variability is generated in individuals, better preparing the species for a host of possible environmental challenges. According to this scheme, random epigenetic changes that drive resilience would promote survival during periods of extreme duress, whereas those associated with vulnerability would generate animals that cope better in times of plenty.
Transcriptional mechanisms of resilience. Animal research has begun to provide insight into the molecular mechanisms that underlie resilience. one series of studies has focused on the ventral tegmental area (VTA)-nucleus accumbens reward circuit. In the social defeat stress model 40,41 (see Supplementary information S1 (box)) resilience, among a population of inbred (genetically identical) mice, is associated not only with the absence of many of the changes in gene expression that are seen in the VTA-nucleus accumbens of vulnerable mice, but also with the induction of distinct changes in gene expression that occur in resilient mice only 41 . These findings underscore the view that resilience is not simply the absence of maladaptive changes that occur in vulnerable individuals; rather, it is mediated by a unique set of adaptive changes. As just one example, chronic defeat stress induces in resilient mice the expression of several K + channel subunits in VTA dopamine neurons, which prevents the stress-induced increase in VTA excitability and the consequent release of BDnF onto the Female rats show a range of maternal behaviours, from low levels of licking and other types of grooming of their pups to high levels. These differences during early life can give rise to life-long differences in stress responsiveness 65, 66 . a | Receiving low levels of grooming results in low levels of the transcription factor nerve growth factor-inducible protein A (NGFI-A; also known as EGR1) in the hippocampus, which permits increased methylation and repression of the glucocorticoid receptor (GR) gene in this brain region. Lower levels of GR expression in the hippocampus contribute to several traits in adulthood: higher levels of baseline and post-stress glucocorticoid (corticosterone) secretion, higher levels of anxiety-like behaviour and, in females, lower levels of grooming behaviour towards their own offspring. b | The offspring of high-grooming mothers have higher levels of hippocampal NGFI-A, resulting in less methylation of the GR gene and higher GR expression in the hippocampus. In adulthood this is associated with lower levels of baseline and post-stress corticosterone secretion, low anxiety-like behaviour and, in females, high levels of grooming of offspring. Nature Reviews | Neuroscience nucleus accumbens -maladaptations that contribute to vulnerability 41,67 (FIG. 2) . The transcriptional regulation of dozens of additional genes in the VTA and nucleus accumbens of resilient mice now provides novel pathways towards understanding the molecular basis of resilience as well as towards developing new treatments for depression and other stress-related disorders.
In a related study, individual variations in the development of learned helplessness (see Supplementary information S1 (box)) among inbred mice were related to the expression of a transcription factor, FoSB, in the ventrolateral region of the periaqueductal grey (vlPAG) in the midbrain 68 . This brain area has long been associated with passive responses to stress 69 , which can predict vulnerability over resilience (see above). Berton et al. 68 showed that the induction of FoSB in vlPAG neurons in resilient animals suppressed the expression of the neuropeptide substance P in these cells, which in turn reduced substance P transmission to target regions such as the nucleus accumbens and perhaps the amygdala. Inhibition of substance P in the nucleus accumbens specifically was then shown to be sufficient to mimic resilience. These observations suggest the use of substance P antagonists -that is, neurokinin 1 receptor antagonists -as a way to promote resilience in humans.
Neural circuitry of resilience A growing number of brain imaging studies in humans, along with work in rodents and non-human primates, are beginning to define the brain circuits that mediate distinct aspects of mood and emotion under normal circumstances and in various pathological conditions that are indicative of low resilience. The field has identified several limbic regions in the forebrain, which are highly inter-connected and function as a series of integrated parallel circuits that regulate emotional states (FIG. 3) . In the sections that follow, we review how these various regions interact to mediate distinct emotional behaviours that are related to resilience. The neural regulation of endocrine and autonomic responses to stress, described in detail in REF. 70 , can be studied in humans by monitoring stress responses during functional imaging studies 71 .
Neural circuitry of fear. Current models of the pathophysiology of PTSD, an example of conditions that are characterized by diminished resilience on exposure to a traumatic stressor, involve abnormal fear learning and an underlying dysfunction in the neural circuitry of fear, comprising the amygdala, the hippocampus and the ventromedial PFC (vmPFC) 72, 73 (FIG. 3) . Brain imaging studies in healthy participants have shown that acquisition of fear conditioning is centred in the amygdala 74 , whereas extinction of fear memory involves both the vmPFC and the amygdala; activation in these structures, as well as the thickness of the vmPFC, has been associated with extinction success 74, 75 . A recent fmRI study examined the ability of physiological and neural fear responses to adapt flexibly to stimuli that changed from threatening to safe, and from safe to threatening 76 . Both the initial fear response and the subsequent flexible shift were associated with activation of a network that includes the amygdala, the striatum and the vmPFC 76 . In particular, the vmPFC seemed to mediate the shifting of fear to a different stimulus under stressful conditions 76 . Findings from a recent study suggest that emotion regulation -a more advanced cognitive function -of conditioned fear might act through connections with more basic mechanisms of fear extinction, which humans share with other species 77 . The neural circuitry of fear is clearly important in resilience, but it has not been studied carefully in resilient individuals. It is possible that a well-functioning system in resilient individuals can prevent over-generalizing from specific conditioned stimuli, induce differential functioning of reconsolidation and extinction processes, or lead to an increased capacity for enhanced inhibition of amygdala responses by the medial PFC (mPFC) in stressful situations 78 . of note, preliminary findings suggest that treating patients with PTSD using cognitive behaviour therapy might have beneficial effects, by reducing amygdala activation and increasing rostral anterior cingulate cortex (ACC) activation during fear processing 79 . much of our knowledge about the neural circuitry of fear comes from animal studies. The amygdala mediates the ability of cues that were associated with a fearful stimulus (for example, a footshock or a predator odour) to become aversive in their own right, as established in fear conditioning and related paradigms 80, 81 . The hippocampus mediates contextual and temporal aspects of fear conditioning 82 . Reactivation of memories (that is, re-exposure to the cue or context) can lead to either A simple schematic of the key limbic regions in the fear and reward circuitries. These regions are highly interconnected and function as a series of integrated parallel circuits that regulate emotional states. Each is heavily innervated by the brain's monoaminergic systems -noradrenaline (from the locus coeruleus (LC)), dopamine (from the ventral tegmental area (VTA)) and serotonin (from the raphe nuclei (not shown)) -which are thought to modulate the activity of these areas. a | Fear-inducing sensory information is relayed through the thalamus (Thal) to the amygdala (Amy). The amygdala is particularly important for conditioned aspects of learning and memory, as is best studied in fear models. The hippocampus (HP) has a crucial role in declarative memory, but it probably functions more broadly in regulating emotional, including fear, behaviour 82 . b | The nucleus accumbens (NAc) is a key reward region that regulates an individual's responses to natural rewards and mediates the addicting actions of drugs of abuse. The prefrontal cortex (PFC) -which is composed of multiple regions (for example, the dorsolateral PFC, the medial PFC, the orbitofrontal cortex and the anterior cingulate cortex, among others) with distinct but overlapping functionsis sometimes also included in the limbic system and is essential to emotion regulation. PFC regions provide top-down control of emotional responses by acting on both the amygdala and the NAc (a and b). Several regions that are important for fear and reward learning are not shown in the respective circuits; for example, the NAc also regulates responses to fearful stimuli and the hippocampus also regulates responses to rewarding stimuli. The limbic regions depicted are also part of integrated circuits that mediate social responses and behaviour. The functional status of all of these circuits has important implications for resilience to stressful life events. Notably, alterations in one neurotransmitter, neuropeptide or hormone system will affect more than one circuit. Blue lines represent glutamatergic connections; green lines represent noradrenergic connections; red lines represent dopaminergic connections; the orange line represents a GABA (γ-aminobutyric acid)-ergic connection.
reconsolidation (further strengthening of the memory) or extinction, with extinction generally requiring more intensive training. Conversely, conditioned inhibition of fear, in which animals are trained to feel protected from a threat in a certain environment, induces several antidepressant-like effects in mice 83 . Animal studies have also made it possible to examine distinct functions of central, basolateral and medial amygdala nuclei 84 . Both amygdala-and hippocampus-dependent fear conditioning in animals have been related to long-term potentiation and other forms of synaptic plasticity. Accordingly, blockade of nmDA (N-methyl-d-aspartate) glutamate receptors in the amygdala blocks cue-associated fear conditioning, and nmDA receptor blockade in the hippocampus blocks context-dependent fear conditioning 85 . Consistent with the notion that extinction represents the formation of a new memory rather than the erasure of an existing memory, administration of d-cycloserine, an nmDA receptor partial agonist, can enhance extinction of fear conditioning in animal models and in patients with PTSD undergoing prolonged exposure therapy 86 . Blockade of β-adrenergic receptors in the amygdala can also block cue-dependent fear conditioning, and β-adrenergic antagonists have been tested in patients exposed to trauma, with mixed results 32, 87 . In addition, fear conditioning and its extinction are regulated by activation of GRs in the hippocampus and perhaps in the amygdala, which suggests the possible use of glucocorticoids in the treatment of trauma 88 . However, whether β-adrenergic and GR levels or functioning are different in resilient and non-resilient individuals has not yet been studied.
Neural circuitry of reward. Patients with major depressive disorder and PTSD have shown evidence of reward system dysfunction in fmRI studies, with reduced striatal activation during the performance of reward-related tasks [89] [90] [91] . Altered activation of reward circuits in depressed adolescents was associated with self-reports of reduced positive affect in naturalistic settings 92 . Differential reward system function has also been demonstrated in children of depressed versus never-depressed parents 93 . of note, there is evidence that inter-individual variability in neural responses to reward anticipation in healthy individuals is associated with the Val158met COMT polymorphism 55 . Trait optimism, which is linked to resilience (as discussed above), might relate to reward circuit function. Sharot et al. 94 scanned participants who were imagining positive and negative future events. optimism biasthe tendency to expect future events to be positive -was associated with higher activation in the amygdala and the rostral ACC when imagining positive events than when imagining negative events. The level of activation in the rostral ACC was positively correlated with dispositional optimism 94 . Research on special forces soldiers showed that their reward-processing regions had higher reactivity than those of healthy civilian controls 95 . Conversely, susceptibility to social-reward frustration in healthy males was associated with increased activation in prefrontal (top-down control) areas during performance of a monetary task 96 .
Animal studies have greatly informed our understanding of the brain's reward circuitry and its possible importance for resilience. The best-established reward circuit is the mesolimbic dopamine system, which involves dopaminergic neurons of the VTA and their innervation of the nucleus accumbens and many other forebrain limbic regions (FIG. 3) . VTA dopamine neurons can be viewed as gauges of reward: they are activated in response to a reward (for example, food, sex or social interaction) or even the expectation of a reward, and are inhibited by an aversive stimulus or the absence of an expected reward 97 . However, certain dopaminergic neurons are also activated by aversive stimuli, suggesting that they are more generally involved in mood regulation 98 . Indeed, an increasing number of studies report the involvement of the VTA-nucleus accumbens circuit in depression and antidepressant responses in humans and rodents, although there is not yet a clear consensus on the role of dopamine function per se in resilience and vulnerability. A recent study in the social-defeat paradigm in mice (see Supplementary information S1 (box)) has shown that increased activity of VTA dopamine neurons mediates vulnerability by increasing the activity-dependent release of BDnF onto nucleus accumbens neurons, and that resilient animals escape vulnerability in part by upregulating K + channels in the VTA to prevent this increase in neuronal excitability and BDnF release 41, 67 (FIG. 2) .
Neural circuitry of emotion regulation.
A greater capacity for emotion regulation has also been related to stress resilience, and studies of individuals with psychiatric disorders suggest that they have abnormalities in their emotion regulation systems 5, 99 . A neural model of emotion regulation consisting of ventral and dorsal systems has been described, with various patterns of abnormalities associated with a range of psychiatric disorders 100, 101 . Studies in mood and anxiety disorders have most consistently identified abnormalities in amygdala, hippocampus, subgenual ACC and PFC function 102 . In healthy individuals, differential amygdala reactivity to negative stimuli could represent an intermediate phenotype associated with vulnerability to anxiety and depressive disorders 60 . Indeed, several studies have linked the short allele of 5-HTTLPR and the met158 allele of COMT with higher anxiety levels, vulnerability to negative mood, increased amygdala reactivity to negative stimuli and altered functional coupling between the amygdala and the cortex 50, 51, 103, 104 . Furthermore, individual differences in cortico-limbic connectivity suggest that some people might have a genetic predisposition to inflexible emotion processing 103 . As mentioned above, recent imaging studies have shown evidence that multiple gene interactions have an effect on limbic reactivity to unpleasant stimuli 60 . In addition, studies of healthy children and young adults at high familial risk for depression have yielded evidence that their neural responses to emotional stimuli differed from those of controls at low familial risk for depression 93, 105 . one mechanism of emotion regulation -cognitive reappraisal -has received particular attention. fmRI studies have shown increased activation in lateral and medial PFC regions and decreased amygdala activation during reappraisal, with increased activation in the lateral PFC associated with reappraisal success 106, 107 . It has thus been suggested that the PFC regulates the intensity of emotional responses by modulating the activation of the amygdala.
A recent fmRI study 108 using mediation analysis demonstrated that the vlPFC acts on both the amygdala and the nucleus accumbens, resulting in opposite behavioural responses: the pathways through the amygdala and the nucleus accumbens were associated with reduced and increased reappraisal success, respectively 108 . These findings are consistent with animal studies, which have established that the amygdala and the nucleus accumbens work in concert to regulate an individual's responses to both negative and positive emotional stimuli. Thus, variability in the functions of these two pathways might underlie individual differences in emotional response and emotion regulation in stressful contexts. Greater use of reappraisal in everyday life has also been linked to greater PFC and lower amygdala activation to negative stimuli, suggesting that there might be a central mechanism through which reappraisal could promote successful coping and reduce the risk of mood disorder onset 109 . A recent fmRI study found that resilient women with a history of sexual trauma were more successful at cognitively enhancing emotional responses to aversive pictures than women with PTSD after sexual trauma and healthy, non-traumatized controls. This increased capacity to enhance emotional responses was associated with increased PFC activation 110 . These results highlight the complexity of emotion regulation systems and suggest that resilience could also be associated with the ability to sustain attention to unpleasant stimuli. Perhaps this increased attention is related to a more accurate or optimistic appraisal of the perceived threats.
Additional neural circuits relevant to social behaviour. The capacity for empathy enables individuals to generate appropriate emotional responses in social contexts and might be related to social competence, which is a characteristic of resilient individuals 111, 112 . Recent years have seen a surge of interest in the study of the so-called mirror neuron system, which comprises cortical neurons that fire similarly when an animal performs a task or observes another animal of the same species performing that task 113 . It is proposed that this system, acting in conjunction with limbic brain regions, has a central role in understanding others' emotions and intentions 112 . In humans, the vmPFC is activated both when people think about their own mental states and when they think about those of other people, and patients with lesions of this region have deficits in social emotions such as shame, guilt and empathy. much future work is needed to understand possible links between the capacity for empathy, mirror neuron system function and resilience. Preliminary findings of greater activation in presumed mirror neuron and associated limbic areas during imitation of emotional faces in children with higher levels of empathy and interpersonal competence are promising 114 . of note, a recent study suggests that the neuropeptide oxytocin could improve a person's ability to infer the mental states of others 115 . The role of oxytocin in promoting social attachment in humans has recently received increased attention. A study in healthy men participating in a laboratorybased economic trust game showed that intranasal administration of oxytocin increased trust, and suggested involvement of the amygdala 116 . Imaging studies have demonstrated that mutual cooperation induces activation in reward circuitry regions, which are modulated by oxytocin and vasopressin 117 . Conversely, oxytocin reduced amygdala activation in response to fear-inducing visual stimuli and reduced connectivity between the amygdala and brainstem areas that mediate autonomic and behavioural fear responses 118 . oxytocin thus seems to facilitate social attachment by enhancing the reward value of social stimuli and reducing potential fear responses 119 . In laboratory animals, central release of oxytocin and vasopressin regulates anxiety and social behaviour 120 . In rodent species, oxytocin and vasopressin increase social recognition, pair bonding and affiliation 121 . Social contact promotes health and well-being 122, 123 . An fmRI study of married women demonstrated that holding hands with their husband attenuated neural responses to the threat of receiving a shock, a response that was proportional to the quality of their relationship 124 . As discussed above, social competence and openness to social support are core characteristics of resilient individuals, and these qualities might help to modulate central responses to stress in these individuals. The effects of social contact on neural responses to threat, and the potential involvement of neuropeptides that promote social attachment, warrants direct investigation in resilient individuals.
An integrated model of resilience
Stress resilience refers to an individual's capacity for successful adaptation to acute stress, trauma or more chronic forms of adversity. Although the range of complex mechanisms that lead to resilient phenotypes is far from being fully determined, a model of resilience has begun to emerge from the study of adaptive stress responses at multiple phenotypic levels. Beginning in development, an individual's genes and their inter action with environmental factors (and perhaps with stochastic epigenetic events) shape the neural circuitry and neuro chemical function that are expressed in an observable range of psychological strengths and behaviours characteristic of resilient individuals. Various genetic polymorphisms affect a person's limbic reactivity and prefrontal-limbic connectivity, influencing their initial responses to negative or traumatic events, as well their capacity for cognitive reappraisal of those events.
The functional capacity of the brain structures that are involved in the integrated circuits that mediate mood and emotion determines stress resilience, and is in turn reflected in an individual's psychological make-up. more adaptive functioning of fear, reward, emotion regulation or social-behaviour circuits is thought to underlie a resilient individual's capacity to face fears, experience positive emotions, search for positive ways to reframe stressful events and derive benefit from supportive friendships. Thus, resilience is an active process, not just the absence of pathology, and it can be promoted by enhancing protective factors. much more study is required to achieve a deeper understanding of stress resistance -in particular, research in resilient individuals who have recovered from traumatic experiences.
Can individuals become more resilient? Studies have shown that certain forms of psychotherapy can enhance psychological attributes associated with resilience. For example, cognitive behavioural therapy can enhance optimism and facilitate reappraisal of traumatic events in a more positive light. other forms of therapy can promote meaning making and help to preserve a person's sense of purpose in the face of trauma 125 . Interventions early in development are likely to maximize stress resistance. In addition, findings from animal and human studies might eventually yield new pharmacologic agents that can maximize the adaptive function of the HPA axis as well as monoamine, neuropeptide and other neurochemical stress response systems. Finally, new intervention modalities might become possible with increased understanding of the neural circuitry that underlies resilience, as illustrated by recent studies demonstrating that individuals can be trained to modulate their own brain activity using real-time fmRI-based neurofeedback 126, 127 .
